To the Editor:

The COVID-19 outbreak is now developing into a global pandemic and causing tremendous human and economic loss. Understanding the factors affecting the pathogenesis of the virus is essential to disease control. Several studies have explored the association between COVID-19 transmission or the number of COVID-19 death cases with environmental factors, such as air pollution ([@bb0075]), temperature ([@bb0025]; [@bb0030]; [@bb0065]; [@bb0070]; [@bb0035]; [@bb0020]; [@bb0040]; [@bb0055]; [@bb0080]; [@bb0015]), and humidity ([@bb0050]; [@bb0010]; [@bb0015]), to name a few. The aforementioned studies were conducted in a similar ecological study framework: researchers analyzed the statistical association between numbers of COVID-19 cases at the city, regional, or national level with respect to a specific environmental factor. Apart from environmental factors, a recent study analyzing the association between COVID-19 cases and the prevalence of the Bacillus Calmette--Guérin (BCG) vaccination employed the same approach ([@bb0005]; [@bb0045]). By finding the association between disease mortality and vaccine policy in different countries, the researchers suggested that BCG vaccination reduced the risk of COVID-19. However, we argue that these conclusions are dependent on the aggregation of environmental and disease data. Therefore, we are writing this correspondence to remind researchers of a common flaw, namely the modifiable areal unit problem (MAUP) that is associated with studies on the environmental factors of the COVID-19 outbreak.

The modifiable areal unit problem is a statistical bias that arises when aggregating point measurements into districts. Summary measures, such as mean and standard deviation, are influenced by the boundaries of the aggregation districts. Consequently, the regression outcome is also influenced by the aggregation strategy. For example, disease is negatively associated with temperature at the individual level ([Fig. 1](#f0005){ref-type="fig"} ); however, after aggregating to the district level, the relationship between disease prevalence and temperature can be positive, negative, or null, depending on district boundaries.Fig. 1An example of MAUP.Note: a denotes the home addresses of several residents who are either cases or non-cases and their temperature level. b indicates the association between disease and temperature at the individual level. We aggregated individual-level disease data into districts and calculated the prevalence at the district level and the average temperature (area-weighted average). We found that the association between district-level prevalence and average temperature can be positive, null, or negative.Fig. 1

We used real-world NO~2~ concentration and COVID-19 outbreak data in the Hubei and Henan Provinces, China, to illustrate the presence of MAUP. By fitting regression models, we studied the association between COVID-19 death cases and daily NO~2~ change (1) at the city level, (2) under two different aggregation strategies, and (3) at the provincial level ([Figs. 2](#f0010){ref-type="fig"}a and [3](#f0015){ref-type="fig"}a ). The dose-response curves for the four scenarios showed different shapes with different regression coefficients ([Figs. 2](#f0010){ref-type="fig"}b and [3](#f0015){ref-type="fig"}b). The NO~2~--COVID-19-death relationship was negative at the provincial level in Hubei Province, indicating a protective effect of NO~2~ on COVID-19 mortality; however, a positive relationship was observed under aggregation strategy two ([Fig. 2](#f0010){ref-type="fig"}b). Similar differences were discovered in the Henan Province, where the positive city-level association became negative when the aggregation strategy was employed ([Fig. 3](#f0015){ref-type="fig"}b). The purpose of this real-world example is not to explore the relationship between COVID-19 and NO~2~ but to demonstrate that such a relationship can be influenced by aggregation level and aggregation strategy.Fig. 2Relationship between daily NO~2~ (μg/m^3^) and COVID-19 death cases under different scenarios in Hubei Province.a shows different aggregation strategies. b shows the corresponding NO~2~-death relationship under each scenario. The unit for NO~2~ on the x-axes is μg/m^3^ (b).At the city level, each city was presented individually (denoted with different colors); for the two aggregation strategies, adjacent cities were aggregated into districts (denoted with different colors); at the provincial level, all city-level data were aggregated. The COVID-19 data were available from the "nCov2019" package in R, and the environmental data were obtained from the China National Environmental Monitoring Centre ([National real time air quality data platform of the China National Environmental Monitoring Centre](http://beijingair.sinaapp.com/){#ir0005}). We used data from January 27, 2020 to March 10, 2020, when COVID-19 surged in China. During aggregation, deaths across the city were summed and the daily NO~2~ level on the same day was averaged.Under aggregation strategy 1, cities were aggregated into three districts in the following manner: District 1: Enshi, Yichang, Xiangyang, and Shiyan; District 2: Jingmen, Jingzhou, Suizhou, Xiaogan, and Wuhan; District 3: Hunaggang, Xianning, Huangshi, and Ezhou. Under aggregation strategy 2, District 1: Xiangyang, Shiyan, Suizhou, and Xiaogan; District 2: Enshi, Jingmen, and Yichang; District 3: Jingzhou, Wuhan, and Huanggang; District 4: Ezhou, Huangshi, and Xianning. Four cities were excluded because of missing environmental data or zero COVID-19 mortality.We fit regression models with (1) the linear term of NO~2~ to estimate the beta coefficient and (2) a penalized spline on NO~2~ to estimate the dose-response curves with COVID-19 death cases under different aggregation strategies. For city- and district-level data, we put a random effect on the city or aggregated district. The dose-response curves in b were placed in the same order as those in a. The corresponding beta coefficients for the four scenarios were − 0.052 (city level), −0.75 (strategy 1), −0.83 (strategy 2), and − 1.30 (provincial level).Fig. 2Fig. 3Relationship between daily NO~2~ (μg/m^3^) and COVID-19 Death Cases under Different scenarios in Henan Province.a shows the different aggregation strategies. b shows the corresponding NO~2~-death relationship under different aggregation strategies. The x-axes unit for NO~2~ is μg/m^3^ (b).Similar to Hubei Province, data from January 27, 2020 to March 10, 2020 was used because mortality subsequently fell to zero.Under aggregation strategy 1, cities were aggregated into three districts in the following manner: District 1: Sanmenxia, Nanyang, and Xinyang; District 2: Luoyang, Pingdingshan, Xinxiang, and Jiaozuo; District 3: Zhengzhou, Xuchang, Zhoukou, and Shangqiu. Under aggregation strategy 2, District 1: Xinyang, Nanyang, and Pingdingshan; District 2: Shangqiu, Zhoukou, and Xuchang; District 3: Xinxiang, Jiaozuo, Luoyang, Sanmenxia, and Zhengzhou. Seven cities were excluded because of no COVID-19 mortality.We fit regression models with (1) the linear term of NO~2~ to estimate the beta coefficient and (2) a penalized spline on NO~2~ to estimate the dose-response curves with COVID-19 death cases under different aggregation strategies. For city- and district-level data, we put a random effect on the city or aggregated district. The dose-response curves in b were placed in the same order as those in a. The corresponding beta coefficients for the four scenarios were 1.9 ∗ 10^−3^ (city level),−2.9 ∗ 10^−3^ (strategy 1), 1.2 ∗ 10^−2^ (strategy 2), and 4.7 ∗ 10^−5^ (provincial level).Fig. 3

The modifiable areal unit problem causes unreliable analytical results and encourages false conclusions regarding the dependence of transmission on certain factors, unnecessary control measures, or the unrealistic hope that warm weather or the BCG vaccine will impede COVID-19 transmission. Solutions for minimizing MAUP and achieving reliable analytical results include: (1) Conducting epidemiological studies at the individual level with decent exposure assessment and case-control or cohort study designs; although the finest data in this article was at the city level, MAUP still exists when aggregating individual data to the city level. Therefore, the Center for Disease Control and other institutions with individual tracking data may wish to try the preferred individual analysis method. (2) Combining epidemiological evidence with biological evidence; lab results on virus stability under different temperature and humidity conditions ([@bb0060]) would be a good supplement for epidemiological findings. (3) Attempting to conduct the study at the finest spatial scale possible and listing this as a possible limitation if (1) is not possible.

We hope this short correspondence can help other researchers working on this topic to find substantial evidence on environmental contributors and other influential factors of the COVID-19 pandemic.
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